The Higgs particle can decay dominantly into an invisible channel in the Majoron models. We have explored the prospect of detecting such a Higgs particle at LHC via its associated production with a gluon, Z or W boson. While the signal/background ratio is too small for the first process, the latter two provide viable signatures for detecting such a Higgs particle.
The signatures for Higgs particle detection at LEP and the future hadron colliders (LHC/SSC) have been extensively studied in the framework of the standard model (SM) and its supersymmetric (SUSY) extensions [1, 2] . There exist some extensions of the SM, however, with a qualitatively different signature for the Higgs particle. These extensions are generically called the Majoron models [3] [4] [5] [6] [7] and have been quite popular e.g. in the context of generating neutrino mass. They are characterized by the existence of a Goldstone boson (the Majoron). Since the coupling of this Goldstone boson to the Higgs particle is not required to be small on any theoretical or phenomenological grounds, the Higgs particle could decay into an invisible channel containing a Majoron pair [7] [8] [9] . Indeed the importance of extending the Higgs search to this invisible decay channel has been repeatedly emphasized over the past decade [8, 9] . However, quantitative investigations along this line have only started very recently [10, 11] .
The key features shared by essentially all Majoron models is a spontaneously broken global U(1) symmetry and a complex SU(2) × U(1) singlet scalar field η transforming nontrivially under the global U(1). The spontaneous breaking of the global U(1) generates a massless Goldstone boson, the Majoron J ≡ Imη/ √ 2, and a massive scalar η R ≡ Reη/ √ 2. The latter mixes with the massive neutral component φ R of the standard Higgs doublet through a quartic term φ † φη † η in the scalar potential. Thus one has two massive physical scalars
where the mixing angle can be chosen to lie in the range 0-45 • , so that the H and S have dominant doublet and singlet components respectively. The above quartic term also generates the following couplings of H and S to the massless Goldstone boson J :
The large mass ratio (M H,S /m b ) 2 on the rhs implies that the invisible decay channel could dominate for S as well as H over a large range of the parameters tan θ and tan β. Although the eqs. (1-4) above were derived for the simplest model [3] having 1 singlet and 1 doublet scalar fields, similar considerations hold for those having a larger Higgs content [5] [6] [7] [8] or a larger global symmetry group than U1 [12] . It may be added here that, the Higgs particles can also decay invisibly in the SUSY models via a pair of lightest superparticles (LSP). For the minimal supersymmetric standard model (MSSM) this invisible decay mode has been shown to dominate only over a tiny range of parameters for the scalar Higgs particles but over a larger range for the pseudoscalar [13] .
Thus it is important to extend the Higgs search strategies at LEP and LHC to cover the possibility of a dominantly invisible decay. This is simple at LEP, since the dominant channel for Higgs search is the same for the SM and the invisible decays -i.e. the missing energy channel with one or two jets [10, 11] . It corresponds to the Bjorken production process
followed by Z * → νν , H → bb for the SM decay and Z * →, H → JJ for the invisible decay. Indeed the larger branching fraction of Z * into quarks implies a larger event rate for the latter case. On the other hand the production cross-section would be suppressed by a factor of cos 2 θ in this case. Combining the two effects leads to a M H bound in the Majoron models, which is within ± 6 GeV of the SM value irrespective of the model parameters -i.e. 60 ± 6 GeV [10, 11] . A similar correlation between the Higgs signatures for the two models is expected to hold at LEP-II as well.
The present work is devoted to a systematic exploration of the signatures for an invisibly decaying Higgs particle search at the proposed large hadron collider (LHC). To start with one notes that the missing energy is not a measurable quantity at a hadron collider due to the large energy loss along the beam pipe. One has to consider instead the missing transverse momentum (p / T ). Thus one must look at one of the following associated production processes which dominate Higgs production at large p T -(i) H + jet, (ii) H + Z, (iii) H + W and (iv) H + tt. We shall present below the results of our analysis for the first three processes. We shall see that the associated production of H with jet has too large a background to be a viable channel. On the other hand the associated production of H with W or Z bosons are expected to give viable signals. 3 We shall not discuss the associated production of H with tt, since it has been analysed recently in [15] . We shall only comment on the relative merit of this channel vis a vis H + W(Z).
(i) H + jet Channel : The dominant contribution to this process comes from gluon-gluon fusion via the top quark loop
followed by the invisible decay H → JJ. The cross-section for (6) was computed for SSC/LHC energies in [16] in the m t → ∞ limit and in [17, 18] for finite values of m t . In the latter case the formalism is quite involved, containing several dilogarithmic functions. The cross-section presented below has been calculated for m t =160 GeV using the code of ref. [18] . The dominant background comes from the tree-level process qg → qZ
followed by Z → νν. The contribution from→ gZ is about an order of magnitude smaller. Figure 1 shows the jet + p / T cross-section coming from the signal process (6) for M H = 120 GeV along with the background (7) at the LHC energy of 14 TeV and a rapidity cut of |y jet | < 5. The two sets of curves shown have been calculated using the structure functions and the QCD coupling parameters of DFLM [19] and MRS [20] . Although the quantitative estimate of the crosssections seems to depend appreciably on this choice, the background is seen to be at least a factor of 40 larger than the signal. We have checked that reducing the rapidity cut leads to only a marginal decrease of this factor. Thus the H + jet channel does not provide a viable signature for an invisibly decaying Higgs particle.
(ii) H + Z Channel : The dominant contribution to this signal comes from the associated Bjorken process
followed by H → JJ and Z → ℓ + ℓ − , where ℓ represents both electron and muon. The dominant background comes from→ ZZ
followed by νν decay of one Z and ℓ + ℓ − decay of the other. There are also one-loop contributions to the signal from gg → ZH (via top quark) and the background from gg → ZZ. The former is expected to add ∼ 10% to the signal [21] and the latter ∼ 30% to the background [22] at the LHC energy. Moreover the p Z T dependence of the one-loop and the corresponding tree-level cross-sections are very similar, particularly for the background. Thus including these one-loop contributions would only reduce the signal/background ratio by ∼ 20%. Therefore, it is adequate for our purpose to restrict to the dominant tree-level contributions.
We have calculated the dilepton + p / T cross-sections coming from the signal (8) and the background (9) for the LHC energy of = 14 TeV and the following acceptance cuts [23] , Figure 2 shows the p / T distributions of the signal and background crosssections for M H = 120 and 160 GeV, assuming the DFLM structure functions [19] . We have checked that using the MRS [20] (EHLQ [24] ) structure functions instead would raise (lower) these cross-sections by only ∼ 10%. While the cross-sections are seen to go down rapidly with increasing p / T , there is a marked enhancement of the signal/background ratio. In particular, for a p / T > 200 GeV cut, the signal becomes about half the size of the background. Of course the reason for this is that, while the signal (8) is a s-channel process, the background (9) has an additional suppression factor coming from the t-channel propagator. Table 1 shows the integrated signal and background cross-sections for the missing-p T cuts of p / T > 100 and 200 GeV. 4 Since the size of the ZZ back- 4 While the typical missing−p T cut assumed for LHC studies is p / T > 200 GeV [23] , we feel that the accompanying dilepton pair should make it feasible to reduce this cut to 100 GeV.
ground can be estimated from the ℓ + ℓ − ℓ + ℓ − channel, it should be possible to extract the ZH signal if
where S and B denote the numbers of signal and background events. Table 1 lists this ratio for both the low and high luminosity options of LHC, corresponding to typical integrated luminosities of 10 and 100 events/fb respectively. One sees from this list that it should be possible to search for an invisibly decaying Higgs particle upto M H = 120 GeV (200 GeV) at the low (high) luminosity option of LHC. This assumes of course a modest mixing angle (cos 2 θ ≃ 1), so that one does not pay an appreciable price at the production vertex.
(iii) H + W Channel : The signal comes from the process
followed by the decays W → ℓν and H → JJ, resulting in lepton + p / T events. The corresponding irreducible background is from
followed by W → ℓν and Z → νν. There is additional background from W + multijet events, which can be effectively suppressed however by demanding a transverse mass cut
This constraint is automatically satisfied by the above signal (as well as the irreducible background) process for p / T > 200 GeV. Therefore, we shall concentrate on this region of missing-p T . There remains one potentially serious background here -i.e. from
where p T of one of the leptons (including τ ) is < 20 GeV, so that it can not be identified. The size of this background is an order of magnitude larger than the signal (12) . Note, however, that the signal (12) has no hadronic jet activity apart from those coming from the initial state QCD radiation, which would be soft and/or collinear with the beam. Therefore, it should be possible to suppress the above background (15) by a suitable p T and/or angular cut on the accompanying hadronic (b) jets. But we have not been able to pursue this quantitatively since we had no access to an initial state QCD radiation program. The lepton + p / T cross-sections coming from the signal (12) and the irreducible background (13) have been calculated for the LHC energy of 14 TeV and the cuts of eq. (10). These cross-sections are again insensitive to the choice of structure functions. Figure 3 shows the p / T distributions of the signal and background for M H = 120 and 160 GeV using the DFLM structure functions. There is again a marked improvement in the signal/background ratio with increasing p / T . Indeed in the region of our interest, p / T > 200 GeV, the signal is as large as the background. Table 1 shows the integrated cross-sections for the signal and background for p / T cuts of > 100 and 200 GeV. But we shall concentrate on the 200 GeV cut for this process for the reason mentioned above. In this case the S/ √ B seems to be viable for the invisibly decaying Higgs particle search upto M H = 200 GeV even at the low luminosity option of LHC. And at the high luminosity option one can even afford to make generous allowance for a suppression factor (cos 2 θ) at the production vertex. 5 One should of course bear in mind the above mentioned reducible background from (15).
(iv) H + tt Channel : This channel has been analysed recently in [15] . It is useful to compare the resulting signal with those of the ZH and W H channels. The final state consists of ℓ, p / T and 4 jets from the leptonic decay of one of the t quarks and hadronic decay of the other while H decays invisibly. With a p / T > 200 GeV cut, the signal is comparable to the background for M H = 140 GeV; but the signal size is only ∼ 0.5 fb. Thus it can only be viable at the high luminosity option of LHC [15] . Besides this signal is far more demanding on detector performance since it requires b identification as well as reconstruction of W and t masses from hadronic jets. However, as emphasized in [15] , this is the only channel available for detecting an invisibly decaying pseudoscalar Higgs boson of the SUSY model, since it does not couple to ZZ and W W channels.
In summary, the Higgs boson can have dominantly invisible decay in the Majoron models as well as some SUSY models. We have explored the prospects of detecting such a Higgs particle at LHC in the H + jet, H + Z and H + W channels. While the signal is expected to be overwhelmed by the background in the first case, one expects viable signals in the H + Z and H + W channels.
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